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INTRODUCTION 
The detrimental effects of porosity on material strength are well known. The worK of Hsu, 
Rose, and Adler[ 1] provides a means of estimating the volume fraction of pores and the average 
pore radius in isotropic elastic media from the value of frequency at which the attenuation 
coefficient becomes frequency independent and the magnitude of the attenuation coefficient at 
that plateau. Quantitative results for the isotropic case depend on numerical factors obtained by 
Gubernatis et al.[2] which are functions of the ratio of the transverse to longitudinal sound veloci-
ties, i.e., on the Poisson ratio. Mobley et al.[3] have tested these theories by making measur-
ments of attenuation covering a frequency range that extended well into the frequency indepen-
dent plateau. The experimental results of these investigators suggest that the theoretical results 
obtained by Rose et al. are qualitatively correct even though some of the features of wave propa-
gation in layered, anisotropic media are not explicitly incorporated into the scattering model. 
We consider an approach to deal with the case of anisotropic media, in which the magnitude 
of the attenuation may preclude making measurements at sufficiently high frequencies to reach 
the plateau region. A well-known experimental result for frequencies lower than that correspond-
ing to the plateau is that the attenuation coefficient exhibits an approximately linear increase with 
frequency over a range from fiow to fhigh. Typically the useful bandwidth of the measurement is 
substantially smaller than this range and falls at an unknown location between these limits. For-
tunately, the expression for the attenuation coefficient contains numerical factors which depend 
only weakly on the ratio of !~illh to flow, varying only by a factor of 3 for the ratio of fhigh to flow 
ranging from lO to 1 to lO,uuu to 1. In the case of composites with complex lay-ups for which a 
detailed theory that describes the effects of porosity on attenuation may not be available, empiri-
cal knowledge of these numerical factors obtained from laminates of known porosity might pro-
vide an approach for estimating the porosity from ultrasonic measurements of similar composites. 
Approaches to materials characterization based on the frequency dependence (slope) of attenua-
tion are widely employed in medical ultrasonics.[4] Recent investigations by Nair et al.[5] and 
Tittmann et al.[6] suggest the feasibility of applying these methods to estimate the volume frac-
tion of porosity in composite laminates. 
To evaluate this approach we measured the slope of attenuation as a function of frequency 
in a set of 4 glass-fiber/epoxy-matrix test specimens with simulated porosity (glass spheres) rang-
ing from 1 % to 12% (volume fraction) and a set of 5 uniaxial graphite-fiber/epoxy-matrix speci-
mens with simulated porosity (glass spheres) ranging from 1 % to 8%. Good correlation was 
obtained between the measured slopes and porosity in each case, suggesting that semi-
quantitative estimates of porosity can be achieved without measurements in the plateau region 
and without a quantitative theory. 
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EXPERIMENTAL METHODS 
SAMPLE PREPARATION 
The effects of porosity were simulated using solid glass beads, 75 to 150 microns in diame-
ter, in 16 ply uniaxial graphite-fiber/epoxy-matrix composites. These composites were fabricated 
using 5208-TIOO prepreg tape. Measured amounts of glass beads were introduced between the 
12th and 13th layers during the lay-up of a 12 by 16 inch composite. The beads were dusted onto 
circular regions 2 inches in diameter at sites on a square grid with centers 4 inches apart. The 
sample was autoclaved and cured in an oven using a standard cure protocol. The 12 by 16 inch 
sample was cut into smaller samples (approximately 3.75" by 3.75") so that each contained a sin-
gle zone of "porosity" with a volume fraction of 1 %, 2%,4%, 6%, or 8%. 
MEASUREMENT METHODS 
The signal loss was measured in transmission mode with a specimen placed in the overlap-
ping focal zones of a matched pair of 25 MHz center frequency, 0.25 inch diameter, 1 inch focal 
length transducers. Each sample was scanned on a 21 by 21 grid in 1 mm steps and the acquired 
frequency spectra averaged to reduce the effects of spatial variations of "porosity" within the 
samples. 
The measurement system used for data acquisition is illustrated schematically in Figure 1. 
The transmitting and receiving transducers were oriented so that the insonifying beam was per-
pendicular to the surfaces of the sample and were aligned by viewing the received signal on a 
spectrum analyzer. A Metrotek MP215 wideband pulser was used to drive the transmitting trans-
ducer. The output of a MRI06 wideband receiver was routed to a stepless gate and the 1.5 J.ISCC 
gated signal was subsequently used as the input to the spectrum analyzer. A DEC PDP 11/73 
running the UNIX operating system was used to control the motor driven apparatus on a C-scan 
tank (in which the samples were placed for data acquisition) as well as to acquire the data from 
the spectrum analyzer for storage and subsequent analysis. 
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Figure 1: Block diagram of the transmission mode data acquisition system. 
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DATA ANALYSIS 
The signal loss through the composite laminate was obtained by nonnalizing the acquired 
averaged frequency spectrum with a calibration spectrum obtained from a water-only-path trace, 
Signal Loss = log [calibration spectrum] - log[sample spectrum] . (1) 
This method oflog spectral subtraction is perfonned to deconvolve effects arising from the elec-
tromechanical response of the transducers and front-end electronics from the sample spectrum. 
The nonnalized data were analyzed by perfonning a Taylor expansion around the center fre-
quency f of the useful bandwidth, 
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Figure 2: Plot displaying a typical signal loss and the corresponding Taylor expansion 
given by Equation(2). 
Signal loss = Ko + K\ x (f - f) (2) 
where Ko is an estimate of the average signal loss over the useful bandwidth, and K\ is the rate of 
change of the signal loss with respect to frequency. This procedure is illustrated in Figure 2 
where the signal loss of a typical spectrum is plotted as a function of frequency along with the 
appropriate Taylor expansion. The useable bandwidth of this system was 3 to 12 MHz, where the 
upper limit was due to the increasing attenuation coefficient as function of frequency exhibited by 
the composite laminates. 
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METHOD VALIDATION 
In order to validate our methods, measurements were made on a set of 5 glass-fiber/epoxy-
matrix composites containing controlled amOlmts of simulated "porosity" (0%, 1 %, 3%, 6%, or 
12% volume fraction). The glass fibers were approximately 12 I1lll in diameter and four to five 
centimeters in length. The fibers (p = 2.43 ± 0.09 gm/cm3) were layed-up by hand in an epoxy 
resin matrix (p = 1.10 ± 0.01 gm/cm3). Porosity was simulated by the random inclusion of solid 
lead-glass spheres (p = 2.47 ± 0.04 gm/cm3) drawn from a distribution with radii ranging between 
37 I1lll and 75 11lll. These test samples were fabricated with a fiber volume fraction of approxi-
mately 8%. One sample was fabricated without glass beads in order to serve as a control. 
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Figure 3: Validation of the proposed method. Preliminary experiments were perfonned 
on glass-fiber/epoxy-matrix composites with controlled amounts of "porosity" 
(simulated by solid glass inclusions). 
The results of this control study are presented in Figure 3 in which the slope of the attenua-
tion is plotted versus volume fraction of "porosity". The correlation coefficient obtained by per-
fonning a linear regression between slope of attenuation and the volume fraction of "porosity" is 
0.9, suggesting the potential of the method. 
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THEORY 
Rose has derived an expression for the concentration of hollow spheres embedded in an 
elastic medium. 
4 "J a(k) Conc. = -3A -2- dk 
21t 0 k 
(3) 
where a(k) is the excess attenuation due to the scattering of sound waves by the pores.[7] That is. 
a(k) represents the increase in the attenuation produced by the addition of hollow spherical pores 
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Figure 4: Illustration of the phenomenological model. 
to the material above that due to the attenuation from the elastic background medium. We con-
sider the case in which the excess attenuation due to the presence of porosity can be approxi-
mated by 
_I_rt 
fl~ 
a(f) = (excess attenuation) = (excess Kl) x f 
fhigh 
as illustrated in Figure 4. 
flow < f < fhigh 
f> fhigh' 
(4) 
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This model implies an r dependent Rayleigh scattering in the low frequency region. and a 
frequency independent geometrical scattering in the high frequency region. The approximately 
linear dependence on frequency in the intennediate region is well supported from experimental 
measurements perfonned on composite laminates. Because of the finite useable bandwidth of the 
experimental apparatus. both fhigh and flow are usually unknown. Nevertheless. the relationship 
between the volume concentration of porosity and excess Kl is only weakly dependent upon the 
ratio of fhigh to flow. 
Inserting Eq.(4) into Eq.(3) leads to 
4 V { 1 r.... f ... df .. fhigh df} Conc. = -3A x -2 x (excess K 1) x -3 f (l df + f - + f -A-
21t 1t flow 0 flow f f..... r 
(5) 
or 
Conc. = (excess Kl) x 3:21t x ~ x [ ! + In[ ~~:] + 1] (6) 
It is convenient to express this result as 
Conc. = (excess Kl) x Velocity x [Numerical Factor] • (7) 
where 
Numerical Factor E 3:21t x 2~ x [ + + In[ ~: ] + 1] (8) 
The Numerical Factor is a slowly varying function of the ratio fhigt/flow over several decades. as 
illustrated in Figure 5. Because fhigh and flow are rarely known. this slow variation is the basis for 
the predictive usefulness of the model. 
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Figure 5: Plot illustrating the slow variation of the Numerical Factor as a function of the 
ratio fhigh to flow. 
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RESULTS and CONCLUSIONS 
The results obtained for the graphite-fiber/epoxy-matrix specimens are displayed in Figure 
6. The scatter plot displays the resultant slope of attenuation (from the spatially-averaged nor-
malized spectrum) for each of the five samples versus the volume fraction of "porosity" for that 
sample. The slope of attenuation correlates well (r = 0.9) with concentration of "porosity". An 
examination of Equation(7) indicates that the value of the Numerical Factor for the composite 
laminates under investigation can be detennined from the slope of the "Slope of Attenuation" 
versus the "Volume Fraction of Porosity" correlation plot. [ l ~ Slope of Attenuation Numerical Factor = Velocity x Slope Of{ versus } 
Vol. Fraction of Porosity 
(9) 
For the glass-fiber/epoxy-matrix composites used to validate our procedure the value of the 
Numerical Factor was found to be ::: O.S and for the graphite-fiber/epoxy-matrix composites stu-
died the value for the Numerical Factor was found to be ::: 2. The good agreement between the 
experimental data and the phenomenological model suggests that this approach may be useful in 
estimating concentrations of porosity in composite laminates. 
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Figure 6: Correlation plot for measurements on graphite-fiber/epoxy-matrix composites. 
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